The operation of so-called Zero Emission Buildings (ZEB) does not result in harmful emissions to water, soil and air. In contrast, ZEBs produce energy, water and resources. Therefore, the definition of ZEBs in this paper goes well beyond the definition of (Net) Zero Energy Buildings, which focuses primarily on greenhouse gas emissions resulting from the combustion of fossil fuels. The concept of ZEB is based on the decentralization of urban infrastructure systems on the building level. The aim is to avoid environmental impacts during the building operation through sustainable production, management, consumption, and recycling of resources. In order to facilitate an easy evaluation of ZEBs a ZEB assessment tool needed to be developed. This paper discusses the development of the general framework, the assessment method, and the ZEB Assessment Tool (ZEBAT), which facilitates the evaluation of the environmental performance of potential ZEBs. The exemplary evaluation of selected case studies from Switzerland and South Korea illustrates the method and the practicability of the ZEBAT for the evaluation of potential ZEBs. The holistic integration of environmental performance factors and their specific environmental impacts facilitates the successful application of the ZEBAT independently from the specific use of a building and its geographical location.
Introduction
Worldwide, many building certification systems are available in order to promote the design, planning and construction of sustainable buildings. Examples for such sustainable building certification systems, which have been considered in the framework of this research are: MINERGIE (Mehr Lebensqualität, tiefer Energieverbrauch ("Higher living quality, lower energy consumption", developed in Switzerland) [1] , DGNB (Deutsche Gesellschaft für nachhaltiges Bauen, "German Association for Sustainable Building", developed in Germany) [2] , HQE (Haute Qualité Environnementale, "High environmental quality" developed in France) [3] , BREEAM (Building Research Establishment's Energy Assessment Method, developed in the United Kingdom) [4] , LEED (Leadership in Energy and Environmental Design, developed in the United States of America) [5] , and CASBEE (Comprehensive Assessment System for Building Environmental Efficiency, developed in Japan) [6] .
In addition to the listed sustainable building certification systems, many more systems are available. The available evaluation and certification system are either one-dimensional, focusing on the evaluation of cumulative energy demand, or are multi-dimensional, focusing on total quality assessment and/or life cycle assessment [7] .
However, the direct and indirect emissions to soil, water and air during the operation of a building during its lifetime are generally not assessed or only to a limited degree. The DGNB system [2] , for example, which aims to be one of the most comprehensive sustainable certification systems worldwide, includes the Life Cycle Analysis of the building itself in the certification of buildings. The operation and management of the resource flows of water and biomass are only considered to a very limited degree. Furthermore, the application of existing sustainable building certification systems such as the DGNB is very complex, because the system aims to support the integrated design and planning of sustainable buildings. Generally such certified buildings are connected to conventional urban infrastructure systems and aim for significant reduction of environmental impacts by increased efficiency.
In addition to the conventional approach of Sustainable and Net Zero Energy Buildings [8, 9] , the concept of Zero Emission Buildings (ZEB) discussed in this paper addresses emissions from energy and material (biomass, water) flows, which result from the operation of buildings. Accordingly ZEBs do not produce harmful emissions but produce energy, water and resources. This ZEB concept envisions maximum decentralization of urban infrastructures on building and property levels. The aim is the decentralized and building integrated sustainable production, management, consumption and recycling of energy, water, and the reduction of environmental impacts during the operation to the greatest possible degree [10, 11] . Most evaluation tools for the issue of an Energy Performance Certification (EPC) such as the Swiss Building Energy Certification of the Cantons (Gebäudeenergieausweis der Kantone-GEAK) [2] or the German Energy Saving Ordinance (EnergieEinsparVerordnung-EnEV) [12] address solely energy aspects during the operation of buildings. Therefore the definition of ZEBs in this paper goes well beyond the definition of (Net) Zero Energy Buildings, which focuses primarily on greenhouse gas emissions resulting from the combustion of fossil fuels [8, 9, 13, 14] .
In order to facilitate a comparable fast and easy evaluation of potential ZEBs, according to the three sectors Energy, Water and Biomass, a ZEB assessment tool was developed [15, 16] in the framework of the ZEB-ISTIS (Zero Emission Building-Integrating Sustainable Technologies and Infrastructure Systems) research project [17] . The subsequent sections of this paper discuss the development of the general framework, the assessment method, and the ZEB Assessment Tool (ZEBAT), which facilitates the evaluation of the environmental performance of potential ZEBs. The primary goal of this study was therefore the development of ZEBAT without in depth validation. Nevertheless, the exemplary evaluation of selected case studies from Switzerland and South Korea illustrates the method, and the practicability of the ZEBAT for the evaluation of potential ZEBs. The holistic integration of environmental performance factors and their specific environmental impacts facilitate the successful application of the ZEBAT independently from the specific use of a building and its geographical location.
Methods

Requirements and Considerations
The development of a tool to evaluate potential Zero Emission Buildings had to be well adapted to the requirements of the ZEB concept, based on the definition of Schuetze et al. [10] . These requirements are: suitable for the evaluation of existing buildings (find case studies), assessment of the three Sectors Energy, Water, Biomass as well as qualitative aspects, applicable to different countries and locations, and the incorporation of various environmental impacts, such as emissions to air, water and soil, consumption of resources and production of wastes.
The evaluation of the three Sectors Energy, Water and Biomass was a crucial element for the development of the tool. The respective Sectors were defined as all processes and technologies implemented in building construction and operation related to (i) energy aspects, such as energy efficiency and renewable energy generation; (ii) water aspects, such as wastewater treatment and technologies for water efficiency; and (iii) biomass aspects, such as nutrient recovery and composting.
For the development of the ZEB Assessment Tool (ZEBAT), six specific decision parameters (Pre-Assessment, System boundary, Quantification of environmental impact, Database, Qualitative aspects, Calculation of target value) were compiled in order to be specified in a further step (Figure 1 ). Each of the six different decision parameters demanded different requirements based on the requirements of the ZEB concept. The considerations for the decision parameters, in order to appoint an appropriate characteristic to them, are listed in Table 1 . Each of the specific parameters is discussed in detail in the subsequent Sections 2.2.1-2.2.6. 
Development of ZEB Assessment Tool
The ZEBAT discussed in this paper was developed based on Microsoft Excel, because it is a very widely used program, which can generally be easily operated by many users. The six decision parameters and basic considerations, which are summarized in Table 1 have been taken as a starting basis for the development of the Microsoft Excel based ZEBAT. Specific characteristics, indicators, and assessment criteria were identified and assigned to each of the six decision parameters. These are described in the subsequent Sections 2.2.1-2.2.6.
Pre-Assessment: Eligible Technologies
The decision parameter pre-assessment evaluates whether a building fulfils the minimum requirements of the ZEB concept and is thus eligible for further assessment as a potential ZEB. A simple questionnaire evaluates whether the building sufficiently addresses the three sectors Water, Energy and Biomass. For each sector a list of so-called "eligible technologies", which target efficient use of resources and energy, was compiled ( Table 2) . A building received a "fulfilled" for one sector if it implemented at least two of the eligible processes/technologies of the corresponding sector. As a next requirement of the Pre-Assessment, the building had to fulfil at least two of the named sectors. If a building passed the Pre-Assessment it was further investigated with the ZEBAT in order to quantify and benchmark the environmental performance. The Pre-Assessment ensures the integrity of the concept up to a certain level. For instance, if a building solely implemented water saving devices, it would be inappropriate to state that the building appropriately addresses the aspect of water within the ZEB concept. The decision parameter system boundary is an essential aspect regarding the analysis of the resource consumption of specific buildings. The site boundary was taken as the system boundary with the additional requirement that the considered flows had to be conveyed by human activity. As a result, solely flows into and out of the site, which involved human activity, were considered, such as grid electricity and fresh water supply. Consequently, on-site resource management, such as renewable energy generation, e.g., with photovoltaic, or the collection of rainwater, while being considered for the Pre-Assessment, were not further quantified since they do not have an environmental impact during their operation and automatically result in less grid electricity use or freshwater use respectively. The relevant energy and resource flows in the energy and water sector are grid electricity consumption (Grid electricity), consumption of external energy sources (External energy), consumption of freshwater from central supply facility (Freshwater), and discharge of wastewater into a central treatment plant (Wastewater). The notation provided in brackets will hereinafter be used when referring to the corresponding energy or resource flow.
A visualization of the system boundary and the relevant energy and resource flows is shown in Figure 2 . The Biomass sector has fundamentally different characteristics from the Energy and Water sectors and therefore could not be described using the concept of the above resource flows. The considerations for the assessment of sector Biomass are described in Section 2.2.3.
Quantification of Environmental Impact: Ecological Scarcity
The decision parameter environmental impact aims for the quantification of the previously described relevant energy and resource flows in a measurable unit. The selected quantification is based on the so-called "ecological scarcity method" which has the advantage that it incorporates multiple environmental impacts and takes into account different countries of location. In contrast, using the global warming potential as a method would neglect such aspects as water scarcity. In detail, the ecological scarcity method [18] covers the following environmental impacts: Emissions to air, surface waters, groundwater, and soil, consumption of resources, and production of wastes.
The ecological scarcity method is a "distance to target" based method. The environmental impacts, as listed above, are weighted with "eco-factors". These eco-factors are derived from environmental laws or political targets. The output is expressed in Umweltbelastungspunkte" (UBP: German for "environmental pollution points", also known as Eco-points) per unit of pollutant emission or resource extraction [18] . The calculation of an eco-factor is based on three steps: Characterization, Normalization and Weighting. The step of Weighting is based on the corresponding political targets that define a critical annual flow in the reference area. Frischknecht et al. [18] defined the calculation for the eco-factor for every environmental impact as follows:
In Equation (1) K denotes Characterization factor of a pollutant or of a resource, Fn Normalization flow (current annual flow, with Switzerland as system boundary), F is Current annual flow in the reference area), Fk denotes Critical annual flow in the reference area, c is constant (10 12 /a). The unit of assessed result is expressed in Eco-points (EP) [18] .
The UBPs for all environmental impacts of a specific resource flow are summed up resulting in a total number of UBP. This number of UBP was used for the ZEBAT to quantify the environmental impact of the relevant resource flows as described in Section 2.2.2. In practice, the number of UBP refers to the environmental impact that the considered flow causes. Thus, if a building has a high number of UBP, it can be derived that it has a higher environmental impact than a building with a lower UBP value. Conclusively, a building with zero UBP is a true ZEB.
Database: KBOB, Ecoinvent Database, Own Calculations
The required UBP values for the ZEBAT were taken from different databases. The "Koordinationskonferenz der Bau-und Liegenschaftsorgane der öffentlichen Bauherren" (KBOB) is an organization that makes recommendations for sustainable building and publishes specialized life cycle assessment data for the building industry in the so-called KBOB-List [19] . The available datasets in the KBOB-list were used for the ZEBAT. The datasets in the KBOB-List are based on datasets of the Ecoinvent Database [20] . The remaining datasets were taken directly from the Ecoinvent Version 3 Database, which is one of the most comprehensive international databases for Life Cycle Inventory data [20] . Due to its comprehensiveness, Ecoinvent was able to provide most of the remaining datasets for the tool.
The used datasets for the Water and Energy sectors are listed in Tables 3 and 4 respectively. As mentioned previously, the evaluation of the Biomass sector necessitated a different approach than the Water and Energy sectors. The input of biomass into the system occurs in the form of food, feces or urine. It is difficult to determine what environmental impact these inputs have. For example, it is difficult to determine the UBP value for one kilogram of feces if it is unclear where the food came from and where the feces are disposed. Even if it were possible to calculate a UBP value, the input of feces could not be avoided like for example grid electricity consumption. The solution was not to calculate the UBP value for the input, but to calculate how much UBP could be avoided if a specific process was applied. For example, if nutrients were recovered from urine, this would avoid the need for a specific amount of fertilizer bought on the market. The UBP value for fertilizer could easily be looked up in the Ecoinvent database. All the datasets and calculations for the Biomass sector are described in Table 5 . The input of biomass also depends on the number of persons. The values for the biomass flows are also listed in Table 5 .
Qualitative Aspects: Additional Points
The ZEB Assessment Tool also provides "malus points" if important qualitative aspects of a building construction were not taken into consideration. Currently, no database exists for these aspects thus a set of criteria were established based on inputs by experts of the corresponding field [21, 22] . The survey resulted in six criteria (Table 6 ). Building design fits into the surrounding environment and urban framework: this is a qualitative and somewhat subjective criterion, therefore not easily measurable. It requires solid knowledge of the place and its history. General criteria are: shape, size, proportions, color, and materials. Since each site is unique each architectural answer will differ [21] .
Adapted shape and materials
Adapted shape or materials None of both
The assessment of a criterion is based on the allocation of one of the three grades "Fully applies", "Partially applies" and "Does not apply". The benchmarks for the allocation of the grades were established using different methodologies. Criterion 1 fully applies if the connection to public transport is directly located at the site and accessible within no more than 10 min. The benchmark was set at 300 m walking distance. The benchmark between "Partially applies" and "Does not apply" was set at one kilometer since this is still a reasonable distance for walking, however many people might choose another means of transport. The benchmarks for criteria 2, 3 and 6 were established by choosing two possible options in order to fulfil the criterion. If both options were applied, the building received a "Fully applies". If only one option was implemented, the building was graded as "Partially applies". If none of the two options were implemented, the building was graded as "Does not apply". For criteria 4 and 5, the benchmark values were aligned with benchmark values in the literature such as Minergie [32] or the references in Table 6 .
Dependent on fulfilment of these criteria, additional points were added to the environmental performance of the object: Zero points for "Fully applies", 800 points for "Partially applies" and 1600 points for "Does not apply". These values were established based on data from examined case studies since to date there is no comparable data in the literature. After the assessment of the three sectors Energy, Water and Biomass, the examined buildings achieved an average "Rating Points per m 2 " of 9600. Consequently, the maximal value for additional points was set as 9600, which means that the building has a very bad performance in terms of qualitative aspects. This value ensures that the qualitative aspects are weighted equitably with the quantitative aspects. All criteria and benchmarks are compiled in Table 6. 2.2.6. Calculation of Target Value: Building Types, Benchmarks, Degree of Achievement As an output value for the tool, it was decided to calculate a degree of achievement based on the achieved Rating Points of the assessed building. The achieved number of Rating Points for the assessed object was calculated as follows: (2) Subsequently, the degree of achievement was calculated:
If a building achieved at least 80%, it was granted the "Zero Emission Building Label". To set this benchmark was a compromise with the actual objective of ZEB, which envisions zero environmental impact thus zero UBP. However, if this goal has been applied, presumably no building would have reached the ZEB Label. The benchmark of 80% allowed for some environmental impact but still ensured an outstanding environmental performance.
To what extent a specific building reaches a target value largely depends on the building's purpose since this significantly adds to the consumption of resources for the building's operation. Therefore the classification into building types with different allocated benchmarks was essential. The parameter Benchmark in Equation (3) changes according to the building purpose. The different benchmarks were established as follows: In the first step, a basic benchmark was established based on experimental data from different case study buildings examined with the ZEBAT. If these buildings did not incorporate any of the eligible technologies as listed in Table 2 then they would not qualify as ZEB and would have achieved less than 80% degree of achievement. Several such buildings obtained typical values of around 100,000 Rating Points for zero degree of achievement. Thus, the 100,000 value was taken as a starting value. For the ZEBAT, the energy consumption indicator of Minergie was converted into a general consumption index, which is proportionally in line with the energy consumption indicator of Minergie. The chosen classification corresponds to the classification of Minergie [32] . Minergie calculates for every building a weighted energy consumption indicator in matters of end energy. The indicator is expressed in kWh/m 2 and is a crucial benchmark for the Minergie label. The energy consumption indicator varies for the different types of buildings. Subsequently, the benchmark for each building type was calculated from the consumption index where Index 1 corresponds to 100,000 Rating Points. This benchmark value therefore corresponds to zero degree of achievement. The classification of building types, the Minergie energy consumption indicators, and the benchmarks for ZEBs are listed in Table 7 . 
Results and Discussion
ZEB Assessment Tool
The required input parameters for the assessment of a potential Zero Emission Building by using the ZEBAT are listed in Table 8 . The implementation of the ZEBAT in Microsoft Excel is illustrated in Figures 3-6 . Figure 3 shows the Pre-Assessment where the implemented technologies can be selected from the list of eligible technologies. The Tool automatically evaluates if the building is eligible for further assessment based on the defined conditions in Section 2.2.1 Pre-Assessment. Figure 4 shows the assessment of the three sectors Energy, Water and Biomass. The user has to select certain values from a box and fill in the required values for the resource and energy flows. Figure 5 illustrates the evaluation of qualitative aspects. The user has to select to what degree the corresponding criterion applies. 
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Application of ZEB-Tool on Case Studies from Switzerland and South Korea
The ZEB Assessment Method was used to evaluate potential ZEBs in Switzerland and Korea. A total of 17 buildings from Switzerland and one from Korea that were constructed under the consideration of sustainable building were assessed with the ZEBAT (Table 9 ). Only 5 of these qualified for further evaluation after the Pre-Assessment. This was because most of them considered only one sector, and the tool requires fulfilment of at least two sectors. The characteristics of buildings that were examined further are listed in Table 10 . The comparison of the five buildings ( Figure 7) shows that Forum Chriesbach reaches the highest degree of achievement, which is therefore the best practice example so far of Zero Emission Buildings in Switzerland and Korea. Its main strength is that it addresses all three sectors (Energy, Water and Biomass) to a significant degree. In particular, the Biomass sector is much further developed in comparison to the other case studies investigated in the framework of this thesis. However, the technologies applied for the resource management in the Biomass sector are all still at pilot study level
and not yet suitable for a broader application. This also reveals the need for more research on such technologies in order to broaden the complete concept of ZEB. The Korean Kolon e+ Green Home achieves the lowest end energy demand per m 2 and person per year ( Figure 7) . It is the only case study that achieves energy autonomy on a yearly basis and does not use any external energy sources excluding electricity. Furthermore, the building has low electricity consumption per m 2 and person per year.
Nevertheless, from Table 10 , it can be seen that each case study achieved at least one best value for an indicator. Thus, each case study demonstrates an outstanding performance in a specific area. The findings from these specific areas serve as valuable sources for the further development of ZEBs. The ultimate goal is to combine these insights into future ZEBs. 
Conclusions
The evaluation of specific case studies with the ZEB Assessment Tool showed that the method is well adapted to the requirements of the ZEB Concept. Firstly, the tool requires a small amount of input data, which enables a simple primary assessment of a specific building. Secondly, it incorporates qualitative aspects, which are a crucial factor of the ZEB Concept. In Switzerland there is an existing assessment tool from [41] (Gebäudeenergieausweis der Kantone) called GEAK Light for the pre-evaluation for the issue of an EPC. Similar to the ZEBAT, it enables a simple primary evaluation of an existing building in 30 min. However, GEAK Light solely covers the aspect of energy in order to improve the energetic performance of a building. The aspects of water, biomass and qualitative aspect are not covered at all. Furthermore, there is the German DGNB Label [2] , which also used tools for the assessment and certification of sustainable buildings under the Label. Its strong point is that the second-generation label addresses other factors besides energy, such as sociocultural quality, functional quality, economic quality or life cycle analysis. In addition, it incorporates an approach towards the aspect of water but it lacks the evaluation of the biomass sector. Moreover, DGNB assesses many criteria and thus the process is elaborate and complex. Consequently, it is not appropriate for a basic initial assessment of case studies under the ZEB Concept. However, many of the approaches of DGNB would be interesting to integrate into the framework of ZEB regarding the construction and certification of future buildings. Similar to DGNB in Germany, in Switzerland the most common label is Minergie [1, 32] . From the different Minergie certification standards, Minergie-A-Eco is probably closest to the ZEB Concept. "Minergie-A" certified buildings are "Minimum Energy Active" houses that, even more than passive houses, produce more energy than is required for their operation. "Minergie-Eco" stands for superior aspects such as use of ecological materials, grey energy or efficient use of tap water. These are a number of good approaches but other factors such as wastewater treatment or nutrient recovery are not covered in the Minergie-Eco certification system.
Beside the discussed aspects, most tools are adapted to a specific country. The transfer to other countries is usually a complex process. The ZEBAT was designed with special attention to this fact. UBP values vary for different countries and can be easily adjusted for every country. In addition, it allows for a simple comparison of different buildings since it assesses the overall performance of a building and not single technologies. Nevertheless, some factors are still missing in the ZEBAT. These include economic quality or further qualitative aspects such as noise and light emissions. In addition, in terms of energy, only end energy consumption was considered. In fact, the primary energy consumption of a building is an important factor regarding energy efficiency and overall sustainability. However, the calculation of the primary energy can be relatively complex and would have gone beyond the scope of this thesis. If more factors were integrated into the tool, it would have lost its advantage of simplicity and would have become too complex.
Furthermore, many of the benchmarks established in the tool were based on data from a limited number of case studies, mainly located in Switzerland. It should be considered, that the benchmarks could vary significantly according to the used data, especially if they stem from countries with different geographical location. The benchmarks will be further specified in future research using a higher number of case studies from different countries as well as negative examples of case studies.
Most likely, the benchmarks will be set differently which could mean that some of the ZEB case studies will not qualify as such anymore.
Overall, the ZEBAT is well suited to easily scan ZEB Case Studies and does not omit the opportunity to include aspects of future developments and societal insights.
An in depth validation of the ZEBAT was not part of the described research. Therefore the validation of the ZEBAT will be executed in the framework of future research projects, which aim for the further development and validation of the presented ZEBAT.
